Introduction
The production rates of b andb hadrons in pp collisions are not expected to be identical. This phenomenon, commonly referred to as the production asymmetry, is related to the fact that there can be coalescence between a perturbatively produced b orb quark and the u and d valence quarks in the beam remnant. Therefore, one can expect a slight excess in the production of B + and B 0 mesons with respect to B − and B 0 mesons, and e.g. of Λ 0 b
baryons with respect to Λ 0 b baryons. As b andb quarks are almost entirely produced in pairs via strong interactions, the existence of B + and B 0 production asymmetries must be compensated by opposite production asymmetries for other B-meson and b-baryon species. These asymmetries are roughly estimated to be at the 1% level for pp collisions at LHC energies, and are expected to be enhanced at forward rapidities and small transverse momenta. Other subtle effects of quantum chromodynamics, beyond the coalescence between beauty quarks and light valence quarks, may also contribute [1] [2] [3] .
The production asymmetry is one of the key ingredients to perform measurements of CP violation in b-hadron decays at the LHC, since CP asymmetries must be disentangled from other sources. The production asymmetry for B 0 and B 0 s mesons is defined as 
where σ denotes the production cross-section. Similar asymmetries are also expected when producing charmed hadrons. LHCb has already performed measurements of D + − D − and D + s − D − s production asymmetries, finding values around the 1% level or less [4, 5] . In this paper, the values of A P (B 0 ) and A P (B 
Detector, trigger and simulation
The LHCb detector [6] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking system provides a measurement of momentum with a relative uncertainty that varies from 0.4% at low momentum to 0.6% at 100 GeV/c. The minimum distance of a track to a primary vertex (PV), the impact parameter, is measured with a resolution of (15 + 29/p T ) µm, where p T is in GeV/c. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors. Photon, electron and hadron candidates are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers. The trigger consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction.
In the case of the B 0 → J/ψ K * 0 decay, events are first selected by a hardware trigger that requires muon candidates with p T > 1.48 GeV/c. The subsequent software trigger is composed of two stages. The first stage performs a partial event reconstruction and requires events to have two well identified oppositely charged muons, with invariant mass larger than 2.7 GeV/c 2 . The second stage performs a full event reconstruction and only retains events containing a µ + µ − pair that has invariant mass within 120 MeV/c 2 of the known J/ψ mass [7] and forms a vertex that is significantly displaced from the nearest PV.
In the case of
, events are first selected by a hardware trigger requiring a high transverse energy cluster in the calorimeter system. Events passing the hardware trigger are further filtered by a software trigger which requires a two-, three-or four-track secondary vertex with a large sum of p T of the tracks and a significant displacement from the PVs. Subsequently, a multivariate algorithm [8] is applied, aimed at identifying secondary vertices, consistent with the decay of a b hadron.
Simulated events are used to determine the signal selection efficiency, acceptance as function of decay time, decay time resolution, and to model the background. In the simulation, pp collisions are generated using Pythia 6.4 [9] with a specific LHCb configuration [10] . The interaction of the generated particles with the detector, and its response, are implemented using the Geant4 toolkit [11] as described in Ref. [12] .
Data set and selection
The selection of B 0 → J/ψ K * 0 candidates is based on the reconstruction of J/ψ → µ + µ − and K * 0 → K + π − decays. The J/ψ candidates are formed from two oppositely charged tracks, identified as muons, having p T > 500 MeV/c and originating from a common vertex. The invariant mass of this pair of muons must lie in the range 3030 − 3150 MeV/c 2 . The K * 0 candidates are formed from two oppositely charged tracks, one identified as a kaon and the other as a pion, originating from a common vertex. It is required that the K * 0 candidate has p T > 1 GeV/c and that the invariant mass lies in the range 826 − 966 MeV/c 2 . The B 0 candidates are reconstructed from the J/ψ and K * 0 candidates, with the invariant mass of the µ + µ − pair constrained to the known J/ψ mass. They are required to have an invariant mass in the range 5150 − 5400 MeV/c 2 . The decay time of the B 0 candidate is calculated from a vertex and kinematic fit that constrains the candidate to originate from its associated PV [13] . A final selection is applied to the candidates that satisfy the criteria described above. It uses a multivariate analysis method [14, 15] , optimized separately for each of the three decay modes, to reject the combinatorial background. The variables used in the selection for the B decay products are the transverse momentum and the impact parameter. For the B candidates the variables employed are the transverse momentum, the distance of flight and the impact parameter.
Fit model
For each signal and background component, the distributions of invariant mass and decay time of B-meson candidates are modelled by appropriate probability density functions (PDFs). We consider two categories of background: the combinatorial background, due to the random association of tracks, and the partially reconstructed background, due to decays with a topology similar to that of the signal, but with one or more particles not reconstructed. The latter is present only for B
Mass model
The signal component for each decay is modelled convolving a double Gaussian function with a function parameterizing the final state radiation. The PDF of the B invariant mass, m, is given by
where A is a normalization factor, Θ is the Heaviside function, G is the sum of two Gaussian functions with different widths and zero mean, and µ is the B meson mass. The parameter s −0.99 governs the amount of final state radiation, and is determined using simulated events for each of the three decay modes. 
We parameterize the partially reconstructed components by means of a kernel estimation technique [16] based on invariant mass distributions obtained from full simulation, using the same selection as for data. In the case of B 0
We account for this component in the fits using the same parameterization adopted for the signal. The B 0 → D + s π − yield is fixed using the ratio between hadronization fractions measured by LHCb [17, 18] and the world average of branching fractions [7] .
Decay time model
The time-dependent decay rate of a neutral B 0 (s) or B 0 (s) meson to a flavour-specific f orf final state is given by the PDF
where K is a normalization factor, (t) is the acceptance as a function of the decay time, R (t) is the decay time resolution function, ∆m ≡ m H − m L and ∆Γ ≡ Γ L − Γ H are the mass and decay-width differences of the B 0 (s) − B 0 (s) system mass eigenstates and Γ is the average decay width. The subscripts H and L denote the heavy and light eigenstates, respectively. The two observables are the decay time t and the tag of the final state ψ, which assumes the values ψ = 1 if the final state is f and ψ = −1 if the final state is the CP conjugatef . The terms Λ + and Λ − are defined as
where p and q are complex parameters entering the definition of the two mass eigenstates of the effective Hamiltonian in the B 0 (s) system, p|B 0 (s) ± q|B 0 (s) . The symbol A P denotes the production asymmetry of the given B meson, and A f is the detection asymmetry of the final state, defined in terms of the f andf detection efficiencies as
The direct CP asymmetry A CP is defined as
Trigger and event selections lead to distortions in the shapes of the decay time distributions. The signal decay time acceptances are determined from simulated events. For each simulated decay we apply trigger and selection algorithms as in real data.
Concerning the combinatorial and the partially reconstructed backgrounds, empirical parameterizations of the decay time spectra are determined by studying the low and high invariant mass sidebands from data. 
Decay time resolution
The strategy adopted to study the decay time resolution of the detector consists of reconstructing the decay time of fake B candidates formed from a D − decaying to
and a pion track, both coming from the same PV. The bachelor pion must be selected without introducing biases on the decay time, hence only requirements on momentum and transverse momentum are applied, avoiding the use of impact parameter variables. The decay time distribution of these fake B candidates yields an estimate of the decay time resolution of a real decay. In order to validate the method, simulated events are used for both signals and fake B decays. The resolution is found to be overestimated by about 4 fs. This difference is taken into account as a systematic effect. The simulation also indicates that a dependence of the resolution on the decay time must be considered. Taking this into account, an average decay time resolution of 49 ± 8 fs is estimated. A resolution model, R(t), consisting of a triple Gaussian function with zero mean and three different widths, characterized by an average width of 49 fs, is used. The uncertainty of 8 fs on the average width is taken into account as a systematic uncertainty. It is estimated from simulation that the measurement of the decay time is biased by no more than 2 fs, and the effect is accounted for as a systematic uncertainty.
Determination of the production asymmetries
The production asymmetry for each of the three decay modes is determined by means of a simultaneous fit to the invariant mass and decay time spectra. To account for the dependence of the production asymmetries on the kinematics of the B 0 and B 0 s mesons, each data sample must be divided into bins of (p T , η), performing the same fit for each bin. In order to validate the fit model, we first perform a global fit to the total sample Table 1 . The width difference ∆Γ d is fixed to zero.
According to Eq. 3, for small values of A CP and A f , to first order the decay rate is only sensitive to the sum of these two quantities. For this reason, we fix A CP to zero and leave A f as a free parameter in the fits. It is empirically verified that the choice of different A CP values, up to the few percent level, leads to negligible variations of A P , as expected. Figure 1 shows the
+ invariant mass and decay time distributions, with the results of the global fits overlaid. Figure 2 shows the raw asymmetries, defined as the ratios between the difference and the sum of the overall decay time distributions, as a function of decay time for candidates in the signal mass region. The signal yields, A P values and detection asymmetries obtained from the global fits are reported in Table 2 . The A P values obtained from the global fits are not well defined physical quantities, because efficiency corrections as a function of p T and η need to be applied. They are reported here for illustrative purposes only. Figure 3 shows the two-dimensional distributions of (p T , η) for 
The background components are subtracted using the sPlot technique [22] and the chosen definition of the various kinematic bins is overlaid. For the two B 0 decays we use a common set of bins, as reported in Table 3 , in order to allow a simple combination of the two independent A P measurements. In the case of the B 0 → J/ψ K * 0 , two additional bins at small p T and large η are also defined. An accurate knowledge of the decay time resolution is important for B fast oscillation of the B 0 s meson. For this reason we determine the decay time resolution using the method previously described, applied to events belonging to each (p T , η) bin, where a double Gaussian with zero mean and values of the widths depending on the given bin is used.
Systematic uncertainties
Several sources of systematic uncertainty that affect the determination of the production asymmetries are considered. For the invariant mass model, the effects of the uncertainty on the shapes of all components (signals, combinatorial and partially reconstructed backgrounds) are investigated. For the decay time model, systematic effects related to the decay time resolution and acceptance are studied. The effects of the uncertainties on the external inputs used in the fits, reported in Table 1 , are evaluated by repeating the fits with each parameter varied by ±1σ. Alternative parameterizations of the background components are also considered. To estimate the contribution of each single source, we repeat the fit for each (p T , η) bin after having modified the baseline fit model. The shifts from the relevant baseline values are taken as the systematic uncertainties. To estimate a systematic uncertainty related to the parameterization of final state radiation effects on the signal mass distributions, the parameter s of Eq. 2 is varied by ±1σ of the corresponding value obtained from fits to simulated events. A systematic uncertainty related to the invariant mass resolution model is estimated by repeating the fit using a single Gaussian function. The systematic uncertainty related to the parameterization of the mass shape for the combinatorial background is investigated by replacing the exponential function with a straight line. Concerning the partially reconstructed background, we assess a systematic uncertainty by repeating the fits while excluding the low mass sideband, i.e. applying the requirements m > 5. 
Results
The values of A P (B 0 ) are determined independently for B 0 → J/ψ K * 0 and B 0 → D − π + decays in each kinematic bin and then averaged. Table 3 reports the final results. The overall bin-by-bin agreement between the two sets of independent A P (B 0 ) measurements is evaluated by means of a χ 2 test, with a χ 2 = 7 for 14 degrees of freedom. The values of
+ fits are reported in Table 4 . The integration over p T and η of the bin-by-bin A P values is performed within the ranges 4 < p T < 30 GeV/c and 2.5 < η < 4.5. The integrated value of A P is given by
where the index i runs over the bins, N i is the number of signal events and ε i is the efficiency, defined as the number of selected events divided by the number of produced events in the i -th bin. The signal yield in each bin can be expressed as
where L is the integrated luminosity, σ bb is the bb cross section, f d(s) is the B 0 (s) hadronization fraction, f i is the fraction of B mesons produced in the i -th bin and B is the branching fraction of the B decay. By substituting N i /ε i from Eq. 8 into Eq. 7, the integrated value of A P becomes
where
The values of ω i are determined using simulated events. The difference between the values of ω i predicted by Pythia for B 0 and B 0 s mesons is found to be negligible, if the same bins in p T and η would be used. These values are also extracted 
where N i is the yield in the i -th bin and ε rec i is total reconstruction efficiency. The values of ε rec i are determined using both simulated events and data control samples. The values of ω i and ω data i , summarized in Table 5 , exhibit systematic differences at the 10% level. The difference in the central value between A P (B 0 → J/ψ K * 0 ) calculated using either ω i or ω data i is found to be 0.0024 using the B 0 binning scheme, and 0.0034 using the B 0 s binning scheme. These values are assigned as systematic uncertainties for A P (B 0 ) and A P (B 0 s ). Table 6 summarizes the systematic uncertainties associated with the integrated measurements. In the first row, the combined systematic uncertainties estimated in each bin, as described in the previous paragraph, are reported.
Using Eq. 9, the integrated measurements of A P (B 0 ) for B 0 → J/ψ K * 0 and B 0 → D − π + decays are found to be 
Conclusions
The production asymmetries of B 0 and B 0 s mesons have been measured in pp collisions at √ s = 7 TeV within the acceptance of the LHCb detector, using a data sample corresponding to an integrated luminosity of 1.0 fb −1 . The measurements have been performed in bins of p T and η, and provide constraints that can be used to test different models of B-meson production. Furthermore, once integrated using appropriate weights for any reconstructed B 0 (s) decay mode, they can be used to derive effective production asymmetries, as inputs for CP violation measurements with the LHCb detector.
The values of the production asymmetries integrated in the ranges 4 < p T < 30 GeV/c and 2.5 < η < 4.5 have been determined to be p T (GeV/c) A P (B 0 ) ( 4, 7) 0.0033 ± 0.0111 ± 0.0028 ( 7, 12) −0.0167 ± 0.0084 ± 0.0028 (12, 30) 0.0001 ± 0.0130 ± 0.0029 Table 8 ( 4, 8) 0.0069 ± 0.0351 ± 0.0067 ( 8, 12) 0.0435 ± 0.0283 ± 0.0039 (12, 30) −0.0334 ± 0.0296 ± 0.0038 
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